A global model for high voltage rf argon capacitive discharges in the collisionless sheath regime is verified by particle-in-cell simulations, for both current-and voltage-driven sources. The ion energy distributions (IEDs) and the IED widths are investigated and show good agreement with a theoretical model, with proper adjustment of the dc bias voltage. The sensitivities of IEDs to sources (current or voltage driven) are described. It is found that for the same variations of rf source amplitudes, larger voltage shifts are expected in the IEDs for the current-driven than the voltage-driven cases. The effects of rf frequencies on IEDs are determined for a fixed rf voltage-driven source amplitude. The IEDs show a surprising independence of the rf frequencies, which can be understood reasonably well by the combined scalings of the global discharge model and IED theoretical model.
I. INTRODUCTION
Capacitive rf discharges are widely used in the fabrication of integrated circuits and plasma processes such as thin film deposition and surface modification. Typically, these discharges are operated at high density and low pressure in which the ion mean free path is much larger than the sheath width; therefore, the ion motion in the sheath can be considered collisionless. Once a complete set of control parameters is given, for example, the power source (rf frequency, f, driving voltage, V rf , or current, I rf ), the feedstock gas type, pressure, p, and the geometry (the distance between electrodes, L, and the area of the electrodes, A), the state of the discharge is specified, with the remaining plasma and circuit parameters as functions of the control parameters, among which the ion energy distribution (IED) is especially crucial. Since the IED is essentially determined by the sheath response, it is necessary to establish the relationship between the control parameters and the sheath response. Given the cost of the time and money required by experiments and simulations, it is valuable to develop a fast computational model to better understand the physics of the discharge and more accurately predict the IED.
During the last 40 years, collisionless sheath models in single-frequency capacitive discharges have been developed, 1-5 and the sheath dynamics at various frequencies have been studied. 6, 7 After 1990, dual-frequency discharges have drawn much attention due to their independent control of the ion fluxes and ion bombarding energies at the substrates. Analytical 8 and semi-analytical 9 models were developed to better understand the mechanics in multi-frequency capacitive discharges. For both single-and dual-frequencies, research has been performed by experiments 10 and PIC simulations. 11 Analytical collisional sheath models with charge exchange collisions were developed. 12, 13 The IEDs in other gases such as oxygen and hydrogen have also been studied with more complex chemical reactions. [14] [15] [16] More comprehensive reviews of the research on IEDs are presented in the references. 17, 18 For decades, considerable efforts have been made to accurately control the IEDs at the substrates in capacitive discharges. However, most studies of IEDs rely on numerical methods due to the complexity of the rf sheath dynamics. A fast way of predicting the IEDs is required and a simple analytical model is desired to help understand the dynamics in the rf sheath. The model in Ref. 5 starts with the control parameters. By varying these, the model gives a good estimation of the plasma parameters such as plasma density, electron temperature, dissipated power, and average ion bombarding energy. By combining this model with BenoitCattin's model in Ref. 1, which can analytically predict the IEDs with some plasma parameters provided, we have developed a method consisting of a series of simple computational steps that result in accurate IEDs given the control parameters. Particle-in-cell (PIC) simulations are used to verify our model. Section II describes the analytical model for high voltage rf capacitive discharges in the collisionless sheath regime. A voltage-driven case is used as an example to show how to use this global model to obtain the plasma parameters and the IED on the substrate from the control parameters. A brief description of the PIC simulation is given in Sec III. In Sec. IV, we compare the results of the PIC simulations with our analytical model. Discussions and conclusions are presented in the final section.
II. THEORY OF COLLISIONLESS RF SHEATH
We use a simple case to illustrate how the volume-averaged particle and energy balances for the collisionless sheath model works. We examine a capacitive discharge driven by a voltage source, VðtÞ ¼ V rf cosð2pftÞ, under pressure, p, in argon, with f as the driving frequency, x ¼ 2pf as the radian frequency, L as the distance between the electrodes, and A as the Start with an estimate of the ion sheath thickness, s m % 0:01 m, which is obtained from simulations and is a nominal value for low-pressure capacitive discharges. Using k i ¼ 1=330p (p in Torr, k i in cm) at 300 K, the ion mean free path in the sheath is k i ¼ 0:01 m. The bulk plasma length, d % l À 2s m ¼ 0:08 m, and k i =d ¼ 0:125, which is in the intermediate mean free path regime, in which the plasma density is relatively flat in the center. The ratio between the edge density, n s , and center density, n 0 , is given by,
which yields n s =n 0 ¼ 0:325. We determine the electron temperature, T e, from the particle balance by equating the total surface particle loss to the total volume ionization and obtain a relation as follows:
with n g as the gas density. The explicit T e dependences of the ionization rate constant, K iz , and the Bohm ion loss velocity, u B ¼ ðeT e =MÞ 1=2 , are assumed to be known. A Maxwellian electron energy distribution function (EEDF) is assumed to calculate the rate constant based on the measured cross sections in Ref. 21 . Solving Eq. (2) yields T e % 3:3 V and u B % 2:8 Â 10 3 m=s. The collisional energy loss per electron-ion pair created, e c , which is also T e dependent, is also obtained: e c % 64 V. 19 Adding to this, the kinetic energy lost per electron lost from the plasma with e 0 e % 7:2T e , we obtain e c þ e 0 e % 88 V. The electron-neutral collision frequency is, m % K el n g % 1:4 Â 10 7 s À1 , with K el given by the electron-neutral elastic scattering rate coefficient. Then the electron ohmic heating power per unit area can be determined as,
where V 1 is the fundamental rf voltage amplitude across a single sheath. For the stochastic heating power per unit area of a single sheath, we similarly obtain
As the voltage drop across the bulk plasma is relatively small at low pressures, we let, V 1 % V ab1 =2, where V ab1 is the fundamental rf voltage amplitude applied to the electrodes. In our case, V ab1 % 500 V and therefore, V 1 ¼ 250 V. The timeaveraged sheath voltage, V, which is also the ion kinetic energy per ion hitting the electrode, e i , is given by,
Then we have V % 207:5 V. If the system is driven by a sinusoidal current source, the roles of current and voltage sources can be switched according to the capacitive sheath relation,
where J 1 is the fundamental component of the current density. The total power absorbed per unit area is found as,
From the electron power balance equation,
where S ohm þ 2S stoc is the electron power absorbed per unit area, we obtain,
Substituting the value of V 1 to the expressions of S ohm and S stoc , we find, for this example, that S ohm % 3:25 W=m 2 and S stoc % 31:2 W=m 2 . Therefore, S abs % 220 W=m 2 . From the electron power balance equation, we obtain n s % 8:3 Â 10 14 m À3 . Since n s =n 0 % 0:325, we have n 0 % 2:5 Â 10 15 m À3 . The ion current density is obtained from the Bohm flux at the plasma sheath edge where n i ¼ n s from the Child law for the rf sheath,
where K i ¼ 200=243 % 0:82. We obtain J i % 0:38 A=m 2 and s m % 0:0113 m, which agrees with our initial estimate of the sheath width. Table I shows a set of theoretical parameters for different cases with p ¼ 3 mTorr, L ¼ 0:1 m, and A ¼ 0:1 m 2 . In the first three rows, the voltage source amplitude of 500 V is fixed and the rf frequency is varied for 6.78, 13.56, 27.12, and 40 MHz, respectively. In the fourth and fifth row, the voltage source amplitude is shifted by 610% based on the case in the second row. The last three rows present the current-driven cases at 13.56 MHz with I rf ¼ 2:05 A as the benchmark and the other two shifted on the source amplitude by 610%.
To sum up, the model provides full calculations of the inside-plasma parameters including the mean ion bombarding energy with the external control factors (pressure, discharge length, rf voltage or current, and frequency) given.
A detailed evaluation of the ion energy distributions (IEDs) can be obtained by employing an analytical model developed by Benoit-Cattin and Bernard. 1 In the model, they assume a constant sheath width, s, a sinusoidal sheath voltage, V s ðtÞ ¼ V s þṼ s sin xt, zero initial ion velocity at the plasma-sheath boundary, and a Child-Langmuir spacecharge sheath electric field. The model is valid in the highfrequency regime (s ion =s rf ) 1), where the ions mainly respond to an average instead of the instantaneous sheath voltage. Here, s rf ¼ 2p=x is the rf period, and s ion is the time an ion takes to traverse the sheath, which can be estimated as s ion ¼ 3 s=ð2eV s =MÞ 1=2 . The expressions for the IED, f(E), and the energy spread, DE i , are
and
where n t is the number of ions entering the sheath per unit time.
III. PIC SIMULATIONS
The simulations are performed using a one-dimensional particle-in-cell code XPDP1. 20 Starting from the initial conditions, particle and field values are sequentially advanced in time. The particle equations of motion are advanced one time step, using fields interpolated from the discrete grid to the continuous particle locations. Next, particle boundary conditions such as absorption are applied. The Monte Carlo collision scheme is applied for electron-neutral collisions. 21 Ion-neutral and neutral-neutral collisions are not considered here. Source terms, charge density, q, and current density, J, for the field equations are accumulated from the continuous particle locations to the discrete mesh locations. The fields are then advanced one time step, and the time step loop starts over again.
The cell size, Dx, and time step, Dt, must be determined from the Debye length, k D , and the plasma frequency, x p , respectively, for accuracy and stability: Dx < k D ¼ ð 0 T e =enÞ 1=2 and ðDtÞ À1 ) x p ¼ ðe 2 n= 0 mÞ 1=2 . Here, 0 is the permittivity of free space, e is the elementary charge, and m is the mass of the lightest species (electrons). A violation of these conditions will result in inaccurate and possibly unstable solutions. We use Dt ¼ 7:2 Â 10 À11 s, which yields Dt % 0:1x À1 p . We use Dx ¼ 2 Â 10 À4 m with 500 cells and L ¼ 0:1 m, which yields Dx % 0:5k D . The number of particles represented by a computer particle NP2 C (we use NP2 C ¼ 1e8 for most cases) needs to be adjusted to a reasonable magnitude so that the detailed bimodal IED can be decently resolved (the number of particles per cell is about 200), meanwhile the simulation cost (for example: time to reach a steady state) is acceptable (two days).
IV. COMPARISON BETWEEN THEORY AND SIMULATION
Figures 1 and 2 show the time-averaged temperature and number density for ions (dashed line) and electrons (solid line) for V rf ¼ 500 V at 13.56 MHz, with other control parameters remaining the same. The averaging time is eight rf periods. A fairly Maxwellian EEDF is observed. The sheath regime can be identified from the sharp drop of the number densities and the position where the ion and electron number densities branch, suggesting the maximum position of the oscillating sheath edge, or the ion sheath width, s m . To recognize the sheath edge in simulations, the sheath edge is determined by the position at which the ratio of simultaneous electron and ion number densities reaches 0.8. This factor is a reasonable value considering the unavoidable non-physical noise caused by the simulations, which is still able to reveal the physical definition of the sheath edge, where the charge neutrality is violated. Besides, the time-averaged values obtained over thousands of rf periods have reduced the effects of the simulation noise. A ratio of 0.6 instead of 0.8 was also used to determine the sheath edge. A negligible difference, lower than 5% in the ion sheath width, was observed. The sheath width, temperatures, and number densities of ions and electrons, and the ion flux found by simulations agree very well with the theoretical values of the analytical model (shown in Table I ).
A semi-analytical model 9 can be employed to estimate the IED. In this model, the sheath voltage, V s ðtÞ, is collected for a few rf periods from the PIC simulation after the steady state. By performing a Fourier transform of V s ðtÞ, we obtain V s ðxÞ. Applying a filter aðxÞ to V s ðxÞ and doing an inverse Fourier transform, we get the voltage seen by ions, V i ðtÞ. In Ref. 9, the filter function was chosen to be aðxÞ ¼ ½ðcxs ion Þ b þ 1 À1=b with c ¼ 0:3 and b ¼ 5. Since the IED within a certain small energy interval is proportional to the total time for V i ðtÞ to lie within that energy interval, V i ðtÞ is converted into an IED as f ðE i Þ / jdV i =dtj À1 . Figure 3 presents the IEDs for V rf ¼ 500 V at 13.56 MHz, obtained from the theoretical model (solid line), semi-analytical model (dashed line), and the PIC simulation (dash-dotted line). The IEDs for a current-driven case, I rf ¼ 2:05A, are shown in Fig. 4 . Both the semi-analytical and PIC IEDs have a shift of about À20 V compared to the voltage-driven case.
To investigate the sensitivities of the current-and voltage-driven sources on the IEDs, we take the 13.56 MHz, V rf ¼ 500 V, and I rf ¼ 2:05 A cases as a benchmark. We shift the sources by a 610% amplitude and observe the corresponding effects the IEDs would theoretically present (shown in Fig. 5) , and in the PIC simulations (shown in Fig. 6 ). A 610% shift is observed for theoretical IEDs for the voltage-driven cases (shown in Fig. 5 on the bottom), while the current-driven cases show a larger shift, 612:5% with the same 10% variation of the source amplitude. For the IEDs from the PIC simulations, the current-driven cases also show larger shifts, 612%, given that the peak ion bombarding energy is about 20 V lower than that for the voltagedriven case. The difference of the sensitivities of the IEDs to current or voltage sources can be well-explained by the theoretical model as follows: With the same shift of the source, the shift of the IED is determined by the shift of the sheath voltage, V 1 . For the voltage-driven discharge, V 1 / V rf , which is the source voltage. For the current-driven discharge, with S stoc ) S ohm , substituting Eq. (4) IEDs are less sensitive to voltage-driven sources than to current-driven sources under the same conditions.
Finally, we investigate the effects of the rf frequency on the IED for a fixed rf voltage-driven source amplitude. Four cases are examined: 6.78, 13.56, 27.12, and 40 MHz. Both results from theories (shown in Fig. 7 ) and the PIC simulations (shown in Fig. 8) show a surprising independence of the IEDs on the rf frequency. From Eq. (12) we can see, for a fixed source amplitude, that the ion energy spread, DE i , is determined by the product of the sheath width, s m , and the rf frequency. Accordingly, varying the rf frequency changes the discharge steady states with completely different electron temperature, number densities, etc., as shown in Table I . Substituting Eq. (4) into Eq. (8) shows that n s / x 2 at a fixed voltage. Substituting this into the Child law, Eq. (10) yields s m / x À1 . Hence, the product s m x ¼ const at a fixed source voltage. Hence, we find that no matter how the frequency varies, the ion energy spread given in Eq. (12) remains unchanged. This is seen in Table I ; we see that when the frequency doubles, the sheath width halves. The value of xs m hardly varies, which implies an unchanged IED. Equation (12) shows that DE i is inversely proportional to s ion =s rf , which is about 2.2 for all of the frequencies. For the cases we examined, the ions respond to an average sheath voltage and s rf =s ion becomes the crucial parameter in determining the shape of the IEDs. An unchanged s ion =s rf results in the independence of IEDs on the rf frequencies.
V. DISCUSSIONS AND CONCLUSIONS
A global model for high voltage rf capacitive discharges in the collisionless sheath regime is developed. Our model requires only the specification of the control parameters, not relying on intermediate parameters from simulations or experimental measurement. Convincingly verified by PIC simulations, this model is able to rapidly predict the plasma parameters and the IEDs. It is a good tool for the in-depth understanding of the basic physics of capacitive discharges in the collisionless sheath regime. It is found that for the same variations of rf source amplitudes, larger voltage shifts are expected in the IEDs for the current-driven than the voltage-driven cases. We also find that for a fixed rf voltagedriven source amplitude, the IEDs show a surprising independence on the rf frequencies. Our model provides a fast way of exploring the physics of these plasma processing discharges. The capability of verifying the model by PIC simulations on a highly accurate level suggests that the model can be extended to investigate multifrequency capacitive discharges, the collisional sheath regime, and other interesting topics in plasma processing. 
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